1. Introduction {#s0005}
===============

Both clinical and preclinical studies have identified neurological and teratogenic effects of prenatal alcohol exposure (PAE) including neuronal loss ([@bb0060]), alterations in inhibitory interneurons ([@bb0160], [@bb0165]), and reductions in neuronal connectivity evidenced by diffusion tensor imaging ([@bb0025], [@bb0125], [@bb0140]). PAE has been shown to cause persistent deficits in executive functioning into adulthood ([@bb0085], [@bb0080]) which may lead to the increased likelihood for addictive behaviors and increased rates of incarceration experienced by individuals with known PAE ([@bb0185]). This is in contrast to the recent long-term follow-up study indicating that infants exposed to cocaine prenatally exhibit no measurable deficits relative to their well-matched, nonexposed peers throughout development ([@bb0055]). Therefore, it is imperative that early markers of atypical brain development caused by PAE be identified.

Children with dysmorphic features caused by PAE typically can be identified in the preschool age range based on growth and dysmorphology assessments; however, there are no reliable markers to identify children affected by PAE who do not have dysmorphic features. Despite the premise that children with structural defects characteristic of Fetal Alcohol Syndrome (FAS) represent the more severe end of the FASD spectrum, children with FASD without characteristic facial features may fare worse than children with FAS ([@bb0185]). Streissguth and colleagues have attributed this discrepancy, in part, to the fact that children with dysmorphic features are more readily identified and qualify for provider services, whereas those without dysmorphic features go largely unidentified yet still experience the neurobiological effects associated with PAE.

Early EEG studies in infants born to women with alcohol use disorders identified hypersynchrony evidenced by higher spectral amplitude across the physiological frequency bands in infants with heavy prenatal alcohol exposure relative to age-matched controls ([@bb0050]). This finding was replicated by [@bb0015] who identified increased spectral amplitude in delta, theta, alpha and beta frequency bands spanning 2--17 Hz in neonates exposed to alcohol relative to neonates of abstaining mothers. [@bb0070] confirmed that this hypersynchrony persisted in infants 4--6 weeks of age indicating that this abnormal spectral pattern was not due to withdrawal effects. These early studies were focused primarily on women with alcohol use disorders with heavy alcohol consumption throughout pregnancy. Despite these early EEG findings suggesting that neurophysiological measures are sensitive to PAE, more recent follow-up studies were not performed. To the best of our knowledge no previous magnetoencephalography (MEG) studies have examined neurophysiological alterations in PAE infants.

Prior EEG/MEG studies have also mapped out the developmental pattern across childhood of neural oscillations during rest ([@bb0020], [@bb0170]). These results reveal a pattern that leads to decreasing low frequency amplitude and increasing high frequency amplitude with increasing age. This is attributed to the initial establishment of long-range connectivity within the brain followed by local specialization within cortical areas, consistent with the findings indicating that low-frequency oscillations facilitate long-range coordination of activity across the brain whereas high frequency oscillations are associated with local processing ([@bb0155]). Previous studies indicate that various environmental stressors, related to institutional care in Romanian orphanages, lead to an altered developmental pattern such that children who were placed in foster care at a younger age had greater alpha band power than those who remained institutionalized ([@bb0110]). We also found that infants whose mothers scored higher on a posttraumatic stress disorder (PTSD) severity scale demonstrated a delayed developmental pattern with greater low frequency amplitude relative to infants whose mothers did not have PTSD ([@bb0150]). Due to the known teratogenic effects of PAE, we further hypothesized that infants with PAE would similarly show a delayed developmental pattern relative to controls.

Assessment of infant brain connectivity using resting state functional magnetic resonance imaging (rsfMRI) has expanded rapidly over the last 10 years demonstrating that infant brains are highly connected locally and later develop long-range connectivity patterns that resemble adults by two years of age ([@bb0040], [@bb0045]). Importantly, rsfMRI connectivity among adults has demonstrated that reliable networks are observed across individuals and that these connectivity patterns are altered in multiple clinical disorders (e.g. ([@bb0100], [@bb0120], [@bb0190])). Furthermore, reliable connectivity measures can be assessed during sleep making rsfMRI feasible in infants ([@bb0030]). However, changes in sleep state are still considered to confound rsfMRI connectivity results, and collection during the awake state may lead to more reliable results across development. Despite this growth in knowledge in infant rsfMRI, few studies have examined the effects of PAE on infant brain connectivity. [@bb0145] examined prenatal drug exposure in neonates and determined that cocaine was the primary moderator of functional connectivity despite co-exposure with alcohol in approximately one third of the drug exposed participants. Therefore, little is known about the effects of prenatal alcohol exposure on infant resting connectivity based on fMRI studies, to date.

The current prospective study identified women during pregnancy, and eligible infants were followed until 6 months of age, at which time they were assessed using MEG and developmental testing. We hypothesized that infants with PAE would exhibit hypersynchrony, operationally defined as increased spectral amplitude across the physiological frequency bands, relative to infants without PAE. We further hypothesized a delayed shift in low to high frequency amplitude in PAE infants relative to controls.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

Women were recruited into the ENRICH study ([@bb0005]) from multiple clinics at the University of New Mexico Health Sciences Center (UNM-HSC). After screening, the study was described to pregnant women and written informed consent, approved by the UNM-HSC Institutional Review Board, was obtained prior to any study procedures. Four groups of pregnant women were recruited into the study: 1. Controls - with no reported prenatal alcohol consumption, no tobacco use, and no lifetime exposure to illicit drugs. 2. Controls + OMT - socioeconomic controls who were being treated with opioid maintenance therapy (OMT; methadone or buprenorphine) but reported no prenatal alcohol consumption \[confirmed by a comprehensive battery of ethanol biomarkers - ([@bb0005])\]. 3. PAE - women recruited from general obstetrics clinics with acknowledged prenatal alcohol consumption and no illicit drug use, and 4. PAE + OMT - women being treated with OMT who also acknowledged prenatal alcohol consumption. Women were included in the PAE groups if they reported risky drinking (AUDIT-C score ≥ 3 and at least one binge drinking episode after the last menstrual period \[LMP\] or average consumption of ≥ 3drinks/week after LMP) at their prenatal visit. They remained in this group if follow-up blood/urine tests from the woman or newborn infant indicated positive alcohol biomarkers (maternal gamma-glutamyltranspeptidase (GGT), carbohydrate-deficient transferrin (%dCDT), phosphatidylethanol (PEth), urine ethyl sulfate (uEtS), and urine ethyl glucuronide (uEtG) and infant PEth from dry blood spot) \[see detailed study design described previously in ([@bb0005])\]. Briefly, women for each group were tested for alcohol biomarkers at both visit 1 (prenatal visit: average gestational age 24.6 ± 0.9 weeks) and visit 2 (biospecimens collected at admission for labor & delivery; interview completed within 24 h of giving birth). Women who did not test positive for at least one alcohol biomarker were excluded from the alcohol groups. Women in the control groups who did not divulge alcohol consumption during pregnancy but tested positive on alcohol biomarkers were either excluded or reclassified (3 PAE + OMT, 1 PAE) as alcohol-exposed infants. Exposure to stimulants (cocaine, methamphetamines) were exclusions to study participation and drug screens were obtained at both visit 1 and visit 2 in all participants. Infants who still qualified (N = 111) after the maternal drug screen and alcohol biomarker testing were scheduled for 6-month neuroimaging/neurodevelopmental assessment. The 6-month assessment was conducted based on age adjusted for prematurity (\< 37 weeks gestational age). The reasons for data loss between the 111 eligible at V3 and the 69 included in this report are outlined in [Fig. 1](#f0005){ref-type="fig"}. The participants reported are based on individuals whose MEG had been fully analyzed and had completed visit V3 between August 5, 2012 and August 15, 2017.Fig. 1Tracking of study participants. The number of participants is listed at each stage of the V3 visit on the left. The number of participants excluded and the reason for exclusion is presented on the right.Fig. 1

2.2. Developmental assessment {#s0020}
-----------------------------

Developmental assessment of infants was performed using the Bayley Scales of Infant Development-III (Bayley-III). Assessment was performed at a separate visit from the MEG to minimize patient\'s burden. The average time between developmental and MEG visits was 5 days, and there were no group differences as to which assessment (MEG versus BSID) came first (p \> 0.2). The Bayley-III cognitive, language and motor scales were administered. The language scale consists of receptive and expressive subscales and the motor scale consists of fine motor and gross motor subscales. The test is well standardized and subtest scores were converted to a scaled score with a mean of 10 and standard deviation of 3. For the purpose of this analysis we compared Bayley-III cognitive, fine motor, and gross motor composite scores with MEG spectral measures.

2.3. Sensorimotor mu rhythm task {#s0025}
--------------------------------

During MEG measurements, infants participated in an interactive play paradigm designed to engage and disengage the sensorimotor mu rhythm similar to our previous study ([@bb5000]). The task included three different segments of data collection: 1. infant rest -- infant rests during MEG data acquisition, 2. infant squeeze -- infant squeezes a pipette to identify activation of the sensorimotor system and suppression of the mu rhythm, 3. investigator squeeze -- infant observes investigator squeeze. The MEG session was videotaped, and the video was synchronized to the MEG data via a light visible in the video and a simultaneous trigger recorded with the MEG data.

2.4. MEG data collection {#s0030}
------------------------

The infant was first fitted with an EGI 124 channel EEG system (EEG data not reported here). MEG/EEG data collection then occurred simultaneously. The MEG head position indicator coils were attached to the EEG sensor net with permanent clips. This avoided the need to attach the coils to the face of the infant and ensured that coils remained within the MEG helmet for head position monitoring throughout data collection. Bipolar EEG channels were attached to each clavicle to measure the electrocardiogram (ECG) during data collection. Also, bipolar EEG channels were attached to the infant forearms to capture infant squeezing activity (one electrode was attached to the elbow bone and one electrode was placed on the belly of the forearm muscle). EMG bipolar leads were placed on both the left and right forearms of the infant. Finally, an EMG bipolar electrode pair was placed on the investigator forearm that was used to perform the investigator squeeze to confirm investigator activity. After electrode impedances were checked, the Polhemus 3D tracking device was used to identify infant fiducial points (nasion, left and right preauricular points), MEG coil location, and EEG sensor array in addition to extra points to outline infant head shape.

MEG data were collected using the Elekta Neuromag Vector View 306 channel biomagnetometer (Elekta Oy, Helsinki, Finland). Data acquisition rate for both the MEG and EEG data were 1000 Hz with 0.03--330 Hz anti-aliasing filter. All infants were measured in supine position with the left hemisphere positioned close to the dewar to optimize signal strength from left hemisphere similar to our previous study ([@bb5000]) and the investigator and parent were seated on the left and right side of the infant, respectively. When the child complied, data collection began with an infant rest period of 2 min. However, some infants required interaction to settle into the MEG environment in which case the play paradigm was begun immediately. The play paradigm consisted of the infants being offered a pipette to squeeze. The pipette was connected through water-filled plastic tubing to a pressure transducer which was connected to the MEG A/D channels to indicate when the infant or investigator squeezed the pipette relative to the MEG data. The investigator also wore an auditory insert during data collection. This insert presented the investigator with a regularly spaced auditory tone (every 4 s) to cue squeezing. This helped to regulate both infant and investigator squeezes to ensure sufficient time between squeezes for sensorimotor mu rhythm rebound prior to the next squeeze. While squeezes did not happen on every tone, the tone minimized the phenomenon of increased frequency with self-paced squeezing. A second investigator outside of the shielded room monitored infant rest, infant squeezes and investigator squeezes to ensure sufficient numbers of stimuli for each condition (minimum of 30 good epochs per condition) were obtained. The parent was engaged with the child, as needed, to calm the child throughout the task. Data collection time ranged from 10 to 20 min depending on infant behavior (infant fussing, etc.). The video-recording and physiological monitoring channels (infant EMG and investigator EMG) were used to identify behavior during MEG data collection.

2.5. MEG data processing {#s0035}
------------------------

MEG data were preprocessed using Maxfilter 2.1 with MaxMove and each of the datasets was transformed to a standard head position to allow for inter-subject comparisons within a fixed head position. The default head position was determined based on obtaining the average head position across subjects within this study and transforming the MEG data to this averaged head position. This helped to minimize the distance that the head position was transformed for each individual subject, which can lead to noise amplification. After Maxfilter, a cardiac signal space projector (SSP) was generated using Graph since Maxfilter does not reliably remove cardiac artifact from infant MEG signal ([@bb0200]). The SSP was applied to the continuous data to allow for spectral analysis of the artifact-free epochs. After preprocessing, the MEG data were coded for each of the conditions (rest, active, observe). The overall procedure is illustrated in [Fig. 2](#f0010){ref-type="fig"}.Fig. 2Diagram of data collection and analysis methods. During MEG data collection, the infant participated in an interactive play paradigm where they were offered a pipette to grasp, which was connected to a pressure transducer, the infant was also encouraged to observe the investigator squeezing the same pipette, and finally the infant was encouraged to rest throughout data collection. EMG from infant left and right arm (R. EMG & L. EMG) as well as EMG from the investigator "squeeze" arm (Inv. EMG) were collected in conjunction with the pressure transducer using the synchronously collected bipolar EEG channels and the A/D channels that are collected simultaneously with the MEG data. In this example, the R. EMG shows movement and a small increase in pressure on the pressure transducer channel (top and bottom red lines) indicating an infant squeeze event. At the same time, the MEG data collection is recorded via a video camera to capture infant behavior. After data collection, the MEG and video data are coded simultaneously to identify periods of rest. The MEG data for each infant is transformed to the same position relative to the sensor array using the Maxfilter movement compensation algorithm. Finally, the rest epochs were extracted and spectral analysis was performed on 2 second epochs.Fig. 2

Video coding of behavior occurred in conjunction with the MEG coding of the EMG and data quality. The goal was to identify periods of rest (infant resting arms and hands quietly during data collection), periods of infant squeezing (monitor infant arm EMGs and video), and periods of investigator squeezing while the infant observes the investigator (infant must be attending the investigator, while resting quietly). By monitoring the quality of the MEG data, infant EMGs, investigator EMG, pipette pressure signal, and the synchronized video, we were able to reliably identify 2-second intervals of noise-free MEG activity for each of these conditions. To address our specific hypotheses, we focused on only the MEG rest condition to compare to the previously published rest studies.

After coding, multiple 2-second epochs of rest were extracted from the continuous MEG file using MNE (<http://martinos.org/mne/stable/index.html>) for each infant. Of the available epochs, we arbitrarily chose at most 25 epochs per condition to estimate spectral amplitude in each participant to limit the variability in number of epochs across participants. If \> 25 epochs were available for the rest condition, the 25 epochs were randomly chosen from the available epochs for each participant using the randomize feature in Matlab. Amplitude spectra were calculated using custom Matlab scripts using the absolute value of the FFT command with a specified length of the transform window set to 2048. With a 2 second epoch length each epoch contains 2000 data points, the fft function automatically pads the remaining 48 cells with zeros. The mean amplitude spectrum across epochs was obtained for each sensor. Then, mean spectral amplitude within region ([Fig. 3](#f0015){ref-type="fig"}) and frequency band was calculated. The frequency bands were: delta -- 1--4 Hz, theta -- 5--7 Hz, alpha -- 8--13 Hz, beta -- 14--28 Hz, gamma 31--58 Hz. To examine the second hypothesis we combined the low (delta and theta) and high (beta and gamma) frequency spectral amplitudes to obtain a low frequency to high frequency ratio (LFHFR).Fig. 3Diagram of regions. The sensor channels were divided evenly into the following regions for both left and right hemispheres (frontal, anterior and posterior temporal, central, parietal and occipital). The top-down view depicts the sensor array with approximate channel groupings with left/right representing channels over left/right hemisphere, anterior channels shown at the top, and posterior channels shown at the bottom.Fig. 3

2.6. Statistical analysis {#s0040}
-------------------------

MEG and developmental measures were compared statistically using IBM SPSS version 20. The generalized linear mixed model ANOVA was performed with age at scan and total SES included in the analysis as covariates in the model. When appropriate, Greenhouse-Geisser correction was used. Correlations between spectral amplitude and Bayley-III scores were performed using Spearman\'s correlation. Sex by group differences were compared using the chi-square test. Multiple comparisons of the correlations were corrected using FDR correction ([@bb0010]).

3. Results {#s0045}
==========

The demographics of the study population are presented in [Table 1](#t0005){ref-type="table"}. The mean age of women upon enrollment was 27.8 ± 0.7 years. Although maternal age range was relatively narrow, there was a significant PAE group effect (p = 0.041) and interaction between PAE and OMT (p = 0.046) with PAE + OMT representing the oldest group and healthy controls representing the youngest group at study recruitment. Women were recruited into the study and data collected at visit 1 on average at 24.6 ± 0.9 weeks gestational age equivalent to the 2nd trimester; women in the OMT groups were on average recruited at a later gestational age than women without OMT. There was no significant difference in infant age (adjusted for prematurity) at the 6 month assessment with infants being measured at between 5 and 8 months with a mean age of 6.8 ± 0.14 months. The mean gestational age at birth was within the normal range (\> 38 weeks) with a mean gestational age of 38.6 ± 0.27 weeks (32% \< 38 weeks, minimum GA 31.1 weeks). Mean birthweight was 3018 ± 78.8 g. There was a significant main effect of PAE on gestational age at birth and birth weight -- as expected based on the known risk factor for premature birth in alcohol consuming women and the relation between gestational age at birth and birthweight. Due to the known effects of prematurity on brain development, this was examined as a covariate in the models. There were no significant effects of PAE or OMT on any Bayley-III scores. The scaled scores were reported for the Bayley-III representing a normed mean of 10 for each subscale and 20 for the composite motor and language scores. The mean SES score was 32.0 ± 1.5 with a range of scores from 5 to 58 and a possible score range of 0--66. Therefore, the study represented individuals across the full spectrum of SES. The average total number of trials captured for estimation of spectral amplitude across groups was 16.5 ± 0.9 with no significant group effects or interactions (p\'s \> 0.069). There was no significant difference in amount of alcohol consumed (after transforming to log(Number of drinks)) between the PAE and PAE + OMT groups. Finally, it is important to note that with the exception of two alcohol-consuming women, PAE was below 1.5 drinks per day averaged across pregnancy demonstrating that PAE was moderate-to-low in most cases in this study.Table 1Participant demographics and Bayley Scales of Infant Development (Bayley-III).Table 1Controls\
N = 28Controls + OMT\
N = 14PAE\
N = 12PAE + OMT\
N = 15p-ValueMaternal age visit 1 (years)26.0 ± 1.027.7 ± 1.532.1 ± 1.627.7 ± 1.40.041Gestational age visit 125.6 ± 1.420.3 ± 2.027.6 ± 2.124.3 ± 1.90.051Infant age at assessment (months)6.92 ± 0.236.63 ± 0.336.46 ± 0.336.92 ± 0.300.701Sex (F/M)14/146/89/38/70.39Gestational age at birth (weeks)39.27 ± 0.4138.86 ± 0.5837.45 ± 0.6338.13 ± 0.560.019Birth weight (grams)3314 ± 1152976 ± 1632677 ± 1762778 ± 1580.010Total SES[a](#tf0005){ref-type="table-fn"}34.4 ± 2.326.3 ± 3.333.7 ± 3.331.3 ± 3.20.484Bayley cognitive9.88 ± 0.3510.33 ± 0.5110.75 ± 0.5110.13 ± 0.450.471Bayley language19.48 ± 0.4920.67 ± 0.7120.75 ± 0.7120.40 ± 0.630.461 Receptive8.48 ± 0.349.58 ± 0.499.33 ± 0.499.40 ± 0.440.432 Expressive9.76 ± 0.239.50 ± 0.349.58 ± 0.349.73 ± 0.300.681Bayley motor18.52 ± 0.7919.17 ± 1.1418.83 ± 1.1418.13 ± 1.020.742 Fine9.76 ± 0.4210.08 ± 0.6010.50 ± 0.609.60 ± 0.540.970 Gross8.76 ± 0.529.08 ± 0.768.33 ± 0.768.53 ± 0.680.601Median estimated total drinks (number of standard drinks)----143 ± 27839 ± 1410.39[b](#tf0010){ref-type="table-fn"}Q1 = 48Q1 = 22Q3 = 760Q3 = 68Number of MEG rest epochs15.1 ± 1.420.4 ± 2.017.2 ± 2.214.7 ± 1.90.283[^1][^2][^3]

Hypersynchrony was tested by analyzing the spectral amplitude in all regions across the 5 frequency bands. The ANOVA included hemisphere, region and band as within subjects factors, PAE and OMT groups as between subjects factors and age at scan and SES as covariates. In the omnibus test there was a significant interaction between PAE, region, band, and hemisphere (F(1.66,92.8) = 7.56, p = 0.002). Follow-up tests revealed that this result was driven by left hemisphere effects revealing a main effect of group (F(1,56) = 10.3, p = 0.002) with PAE (2.029 sem 0.18) showing larger overall spectral amplitude than controls (1.25 sem 0.16) as shown in [Fig. 4](#f0020){ref-type="fig"}. There were no significant main effects or interactions in right hemisphere (p\'s \> 0.49). Examining right hemisphere regions in separate analyses also showed no group effect of PAE on spectral amplitude (p\'s \> 0.52). Left hemisphere also demonstrated a significant interaction between PAE, region and band (F(2.18,126.2) = 4.63, p = 0.01). There was no significant interaction with OMT exposure and PAE in the omnibus test so this was not examined for the follow-up within hemisphere analysis. Two regions drove the PAE, region and band interaction: left anterior temporal and left posterior temporal. The remaining regions did not reveal a significant group difference or a group by band interaction. Despite a band by group interaction, each band individually revealed a significant main effect of group (p \< = 0.005) for left anterior temporal region and (p \< 0.05) for left posterior temporal region demonstrating hypersynchrony across the frequency spectrum. The interaction with band revealed greater differences in high frequency (alpha, beta, gamma) than in low frequency (delta, theta) bands. In a follow-up analysis both gestational age at birth and maternal age were also included as covariates in the model based on the group differences observed in these variables. Neither of these contributed significantly to the model (p\'s \> 0.1) and were subsequently removed.Fig. 4Spectral amplitude for left versus right hemisphere. Clear group differences are seen in left hemisphere that are not present in right hemisphere sensors for children with prenatal alcohol exposure (PAE) versus controls (A). By examining the left hemisphere group by region interaction, post hoc tests reveal that group differences are driven by hypersynchrony measured in anterior and posterior temporal channels (B).Fig. 4

To examine if quantity of alcohol consumption in the PAE groups was related to hypersynchrony, we correlated left hemisphere anterior and posterior temporal regions based on the group differences revealed above relative to the log of the estimated total number of drinks consumed during pregnancy. The number of drinks was transformed due to the skewed distribution within the alcohol groups. There were significant positive correlations across all frequency bands in these two regions indicating greater alcohol consumption was associated with greater spectral amplitude or hypersynchrony in PAE infants (see [Fig. 5](#f0025){ref-type="fig"}; r = 0.55 to 0.68, N = 14). Correlations were corrected for multiple comparisons using FDR correction with 10 comparisons. There were no significant correlations between left anterior or posterior temporal amplitude and Bayley-III scores after correcting for multiple comparisons. Examining left anterior or posterior temporal amplitude and Bayley-III scores in the PAE group only showed an uncorrected significant association between left posterior temporal amplitude and gross motor function for both beta (r = − 0.398, p = 0.044) and gamma (r = − 0.401, p = 0.042) bands.Fig. 5Correlation of beta band amplitude summed across left anterior temporal sensors and estimated total number of drinks across pregnancy in PAE infants. r = 0.68, p = 0.004.Fig. 5

The second hypothesis proposing that infants with PAE would have a different distribution of low and high frequency spectral amplitude relative to controls was tested by comparing the ratio of low frequency (summed delta and theta) versus the high frequency amplitude (summed beta and gamma) described as the low frequency/high frequency ratio (LFHFR). We used a mixed measures ANOVA with PAE and OMT exposure as between subjects factors and region (6 regions), band (low vs. high frequency amplitude) and hemisphere (left/right) as within subjects factors. The omnibus ANOVA did not reveal a significant main effect or interaction based on PAE or OMT exposure (p\'s \> 0.05).

Finally, the LFHFR was correlated with Bayley-III scores to determine if there was a relationship between behavioral measures and oscillatory amplitude ratio. No significant correlations were identified when all groups were included in the analysis. However, significant correlations between Bayley-III score and MEG LFHFR were found when correlations were performed separately by group. Specifically, right parietal LFHFR was negatively correlated with Bayley-III cognitive score (r = − 0.81, p = 0.003) in the PAE only group such that higher ratio was related to poorer cognitive performance. Furthermore, the left central LFHFR was significantly correlated with Bayley-III fine motor score (r = 0.72, p = 0.004) in the PAE + OMT exposure group such that higher LFHFR was associated with better performance. Correlations were corrected for multiple comparisons across Bayley-III scores using FDR. Other correlations that did not meet this adjusted significance value are not reported.

4. Discussion {#s0050}
=============

The results revealed persistent differences in neural spectral amplitude in PAE children relative to controls with hypersynchrony observed in PAE infants at 6 months of age. However, there were no differences in the pattern of low versus high frequency amplitude in infants exposed to alcohol versus controls. Furthermore, in the current study, OMT exposure did not significantly interact with PAE.

Our results are consistent with prior studies indicating hypersynchrony in neonates born to mothers with alcohol use disorders. [@bb0050] reported 150--200% increased spectral amplitude in sleeping neonates with the largest effects occurring during REM sleep. This is similar to our range of 130--178% in the left temporal regions. Later studies determined that nicotine did not alter this hypersynchrony ([@bb0015]) and hypersynchrony extended beyond the initial withdrawal period ([@bb0070]). However, there are at least three important differences between the current study and the prior studies reporting hypersynchrony. First, the current study examined infant neurophysiological measures at 6 months of age, whereas the initial reports of hypersynchrony were measured in neonates in the 0--1.5 month age range. Second, the current study primarily recruited women with *moderate* drinking during pregnancy rather than women with heavy alcohol consumption. Third, the prior EEG studies were collected during sleep, whereas the current data was collected while infants were awake. Therefore, the current results extend the prior findings by providing evidence that hypersynchrony persists at least until 6 months of age, it is present in the awake state, and lower levels of alcohol consumption than those reported previously also lead to the altered neural architecture that enables hypersynchrony in infants with PAE. However, unlike the results reported by [@bb0065], we did not find a significant association between hypersynchrony and Bayley-III score when accounting for multiple comparisons. However, there was an (uncorrected) negative association between the Bayley-III gross motor and hypersynchrony showing a similar pattern indicating that hypersynchrony was associated with poorer performance in the PAE infants. This uncorrected association may indicate a reduced sensitivity of the Bayley-III to developmental effects in infants at 6 months of age, in contrast to the assessment at 4--7 years of age employed by [@bb0065].

While the current neuroimaging literature cannot directly determine the underlying mechanism that leads to hypersynchrony, there is considerable evidence from animal studies indicating an altered inhibitory/excitatory ratio due to PAE ([@bb0090]). For example, [@bb0160] determined that binge drinking led to an increase in inhibitory parvalbumin-positive interneurons in prefrontal cortex that, in turn, decreases excitatory transmission. However, third trimester equivalent binge episodes lead to decreased parvalbumin-positive interneurons ([@bb0165]), which may be consistent with hypersynchrony measured here. Therefore, a possible straightforward explanation for the current results may be that these PAE infants experience impaired development of their inhibitory interneuron networks which leads to over-activation of neuronal populations leading to a general increase in synchronized neural oscillations. To the best of our knowledge, this hypersynchrony does not persist in older children with FASD based on the reported *reductions* in alpha amplitude in adolescents with FAS ([@bb0075]); however, the literature is sparse - providing strong motivation to further examine this across development. Overall, the result is consistent with our prior studies indicating altered gamma oscillations in children with FASD ([@bb0180]), where inhibitory interneurons are thought to contribute directly to the generation of gamma oscillations.

Interestingly, the current results implicate left hemisphere hypersynchrony with no evidence of hypersynchrony in right hemisphere sensors. This is a novel result relative to prior EEG studies. This discrepancy may be explained by the smearing of the EEG signal due to skull conduction that often limits the ability of EEG studies to identify lateralized effects ([@bb0095], [@bb0115]) that does not impact MEG signals. MEG signal is also less affected relative to EEG by the presence of fontanels in infants at 6 months of age ([@bb0130]) which is expected to lead to more between subject variability in EEG. However, it is also important to note that the default head position for the 6-month-old infants that best matched the average head position across infants was slightly biased to the left side of the helmet. This can be seen by the overall larger amplitude in left vs. right hemisphere across the frequency spectrum. However, despite the weaker signal in right hemisphere, the variance is also reduced and the non-significant pattern (p\'s \> 0.5) is for controls to have greater amplitude in right hemisphere than alcohol-exposed infants, suggesting that signal strength and head position do not account for the hemispheric difference. While some hemispheric effects have been reported in children with FASD, the results are mixed in terms of which hemisphere is affected. For example, our prior study revealed differences in gamma oscillations that were primarily in right hemisphere, but this was measured during performance of a prosaccade task rather than during rest. Interestingly, the adolescent EEG study performed by [@bb0075] corroborates our results indicating greater alterations of alpha amplitude in children with FAS in left hemisphere. However, structural studies which have examined whole brain effects indicate that PAE impacts both hemispheres ([@bb0035], [@bb0175]).

Although examining PAE was the primary aim of this study, we included two additional groups who were exposed to OMT (with or without concurrent PAE). As described previously ([@bb0005]), our primary motivation for including these groups was to help control for other socio-economic and home-rearing environmental factors. Despite these other confounding factors, the primary result that emerged from the current study was that PAE led to hypersynchrony and OMT exposure did not significantly alter that result. Despite the lack of significance, OMT exposure did reveal some strong trends in the high frequency/low frequency analysis and may suggest that the current study is underpowered to measure these effects. Prior studies have revealed delays in visual latencies measured with EEG in infants exposed to OMT during pregnancy providing some evidence that persistent effects on neurodevelopment may also be present due to opioid use. However, total SES was also included as a covariate in the model to account for variance in SES factors across groups. SES emerged as a significant main effect in both models (hypersynchrony and low/high frequency amplitude) confirming the persistent effects of SES on brain development as reported previously ([@bb0055], [@bb0135], [@bb0195]). It is important to note that although there were no significant effects in LFHFR by PAE, LFHFR did differ based on SES such that LFHFR was greater in high risk infants (low SES) relative to low risk infants (high SES). This is consistent with prior studies determining that infants with a disadvantaged upbringing reveal a delay in brain development -- represented by a delayed shift to high frequency amplitude ([@bb0150]). This underlines the importance of including samples matched on SES when studying the effects of alcohol on brain development.

While the infant literature examining the effects of PAE are still quite sparse, the emergence of functional connectivity analysis using fMRI reveals future directions for this work. A clear path forward will be to extend the current results to examine brain connectivity at the source level using both MEG and fMRI. The current study did not obtain individual MRIs from each infant due to the additional challenge of obtaining infant MRIs, limiting our ability to perform connectivity at the source level. Despite some evidence for altered connectivity in older children with FASD ([@bb0210]), little evidence indicates effects in infancy. For example, recent rsfMRI functional connectivity studies have assessed the effects of alcohol in conjunction with prenatal cocaine exposure and did not find a significant effect of PAE on infant FNC ([@bb0145]). However, the primary aim of that study was on cocaine exposure and the lack of results for alcohol effects may represent limited statistical power rather than no effect. It remains to be seen whether EEG/MEG provide unique sensitivity to this hypersynchrony effect or if normal connectivity patterns are observed in these same infants using rsfMRI.

The primary limitations to this study are related to the challenge of obtaining reliable MEG data from awake infants. This limitation was minimized by taking a number of deliberate measures to minimize variability in data quality across infants. First, some infant data was deemed unusable due to excessive motion and the subsequent movement artifacts that result. Second, the MEG data collection procedure was video-taped and coded to identify reliable periods of rest (child is resting quietly and is not actively moving their arms). The rest epochs identified via the video and the synchronously collected EMG/pressure transducer signals were extracted from the MEG continuous recording. Third, the MEG data from each infant were transformed to a default head position across the continuous recording using the movement compensation feature of the Maxfilter software, thereby minimizing both the effect of head motion during the scan and differences in head placement within the helmet across infants. A few subjects were eliminated at this stage due to noise amplification in the cases where head movement was too great such that noise amplification occurred ([@bb0205]). These factors led to the limitation of a relatively small sample size that may have hampered our ability to detect effects of opioid exposure in these infants. An additional limitation was the asymmetric head position in the sensor array chosen to optimize sensitivity to the left hemisphere in these infants. The primary results were obtained in left hemisphere and while the right hemisphere shows no pattern consistent with group effects suggesting a lateralized effect, this finding will be better confirmed with source analysis that accounts for head position in amplitude calculations. Establishing an efficient pipeline for source analysis of infant data sets is an important future direction to address this limitation.

5. Conclusions {#s0055}
==============

The current results reveal a persistent finding of hypersynchrony in infants prenatally exposed to alcohol relative to healthy controls regardless of prenatal opioid exposure in these infants. However, our results do not support an altered developmental pattern based on low frequency to high frequency ratio. Yet, SES emerged as a persistent factor that also plays a role in infant development and underscores the importance of matching on SES factors when examining the effects of prenatal exposures on infant brain development. The current results in combination with the behavioral results indicate that MEG may provide an early indicator of atypical brain development in the absence of measurable developmental effects as assessed with the Bayley-III. Future longitudinal studies will need to determine if these early alterations in brain development are predictive of long-term deficits in children with PAE. Furthermore, an increasing number of studies, including our own ([@bb0105]), have demonstrated the effect of infant-maternal interaction on development and may provide a more sensitive marker to altered brain development at this early age than emerging cognitive measures. Finally, the results indicate lateralization of the hypersynchrony effect relative to prior EEG studies. With future localization of MEG signals, we may identify the source of this hypersynchrony to better guide interventions at this young age.
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[^1]: p-Values reported for main effect PAE with the exception of estimated total drinks.

[^2]: Barratt simplified measure of social status.

[^3]: Log(estimated number of drinks) one-way ANOVA between PAE and PAE + OMT groups.
